administering temozolomide after radiotherapy once the glioblastoma recurs, has a significant impact on patient survival. Indeed, the 2-year survival rate of patients with glioblastoma who benefitted from conventional treatment is lower than 10%, whereas it exceeds 20% in the series of patients treated by Stupp and colleagues. 34 Temozolomide is a proautophagic drug, not a proapoptotic one. 17 Glioblastomas naturally resist apoptosis. 9, 12, 23 We thus review the following in the present paper: 1) the major signaling pathways that make glioblastomas resistant to apoptosis and, in parallel, the potential association of antimigratory compounds with proapoptotic cytotoxic drugs; 2) the signaling pathways distinctly activated by proautophagic drugs compared with proapoptotic ones; 3) the major scientific data already obtained by researchers to prove that temozolomide is actually a proautophagic drug that overcomes glioblastoma cell resistance to apoptosis; and 4) the most convincing clinical data obtained to date with respect to temozolomide in the treatment of patients with glioblastoma.
Resistance of GBMs to Therapy
Part of the switch between proliferation and migration processes is controlled by the CAS/Crk pathway. 20 This pathway is also involved in the suppression of apoptosis during cell migration. 5 Kapoor and O'Rourke 18 recently reviewed the mechanism of the receptor tyrosine kinase signaling involved in gliomagenesis, with particular emphasis on the cooperative interaction between the signaling and the cell cycle-regulatory machinery. Kapoor and O'Rourke and our group 23 have recently reviewed those growth factor inhibitors (including EGFR and plateletderived growth factor receptor inhibitors) that might contribute therapeutic benefits in adjuvant chemotherapies aimed to combat and destroy isolated proliferating GBM cells that escaped surgery and radiotherapy.
The natural resistance of glioblastomas to radiotherapy and chemotherapy is contributed, at least according to current scientific knowledge, by the PTEN/Akt/PI3K/mTOR/ NF-B pathway, as shown in Fig. 1 . The complexity of cell survival through Akt signaling was recently reviewed by McCormick, 25 and the mTOR pathway as a target for cancer therapy has been reviewed by Bjornsti and Houghton. 3 The activity of the PI3K/Akt pathway is often up-regulated in brain tumors due to excessive stimulation by growth factor receptors and Ras. 28, 30 In fact, GBMs frequently carry mutations in the PTEN tumor suppressor gene, whose properties are closely related to its inhibitory effect on the PI3K-dependent activation of Akt signaling. 21, 28 The activation of the PI3K pathway is significantly associated with higher tumor grade, lower levels of apoptosis, and an adverse clinical outcome in the case of human gliomas. 4 Narita, et al., 27 and Choe, et al., 6 suggest that the PI3K/Akt pathway is a target of particular interest in the case of GBMs with aberrant EGFR expression because the aberrant EGFR expression and abnormal PI3K/ Akt signaling also modulate the migration levels of tumor astrocytes. 23 Authors of a number of publications have already reported that an aberrantly activated PI3K/Akt pathway renders tumor cells resistant to cytotoxic insults, including those related to anticancer drugs.
14, 33 Shingu, et al., 32, 33 have shown that the inhibition of this pathway augments or even restores the effectiveness of chemotherapy on glioma cells. Also, PI3K inhibitors could be used to reduce the levels of tumor astrocyte migration, a feature that could restore a certain level of apoptosis in these cells. 14 Cell survival through Akt signaling also involves the NF-B pathway because Akt signals to various cell-death regulators, including inhibitor B kinase, which controls NF-B activity. 15 Such NF-B activity plays a dramatic role in gliomagenesis. Indeed, the NF-B signaling pathway is constitutively activated in a large proportion of glioblastomas, 26 which enables glioblastomas (and also other cancer cell types) to resist cytotoxic insults.
1,2 The constitutive activation of Akt and NF-B contributes significantly to the progression of diffuse gliomas, and the activation of Akt may lead to NF-B activation in highgrade gliomas. 37 Rapamycin inhibits the phosphorylation of the retinoblastoma protein, and rapamycin-treated cells are therefore not fully committed to enter the S-phase after their release from drug-induced G 1 arrest. 31 Constitutive retinoblastoma phosphorylation frequently occurs in GBMs due to mutation-induced p16 gene inactivation, 19 and mTOR can also control cell migration in GBMs. 23 
Patterns of Cell Death
Cell death can be categorized as apoptotic and nonapoptotic. 29 The term apoptosis often has been used interchangeably with the term "programmed cell death." Apoptosis is the principal mechanism by which cells are physiologically eliminated. The original definition of apoptosis as a form of cell death distinct from necrosis was based on morphological criteria (Table 1) . Necrosis, traditionally considered an unregulated, passive, energyindependent form of cell death, has been identified as another form of programmed cell death. Extensive failure of normal physiological pathways that are essential for maintaining cellular homeostasis, such as regulation of ion transport, energy production, and pH balance, can lead to necrosis. A classic example of a necrotic condition is ischemia that leads to a drastic depletion of oxygen, glucose, and other trophic factors and evokes massive necrotic death of endothelial cells and cells of surrounding tissues. This may occur in the center of large malignant tumors and is characteristic of GBMs. 19 Because GBM cells carry mutations that inactivate apoptotic pathways, 18 ,23 necrosis could also represent an alternative pathway for tumor cells to be eliminated. In this paper, we describe autophagy, a mechanism for nonapoptotic programmed cell death that is distinct from apoptosis and necrosis, according to criteria of morphology, biochemistry, and the mechanisms of molecular pathways (Table 1) .
13,29

Autophagy: Potential Trojan Horse for Glioblastomas
Whereas apoptosis is a caspase-dependent process characterized by the condensation of cytoplasm and the preservation of organelles, essentially without any autophagic degradation, autophagic cell death is a caspase-independent process that exhibits an extensive autophagic degra-F. Lefranc and R. Kiss dation of the Golgi apparatus, the polyribosomes, and the endoplasmic reticulum, with all these features preceding the destruction of the nucleus (Table 1) . 13, 22, 29 In fact, autophagy was originally defined as a process of protein recycling. 17, 22 Autophagy begins with the sequestering of cytoplasmic organelles in membrane vacuoles called autophagosomes, which then fuse with lysosomes, where the materials inside are degraded and recycled. 17, 22 Figure 2 details the pathways that are activated during proautophagic processes.
In some cases, apoptotic and autophagic cell death coincide in vivo in certain tissues, and in rare cases, both morphologies may coincide within the same cells. 29 Both apoptosis and autophagy are controlled by death-associated proteins. Mariani, et al., 24 have shown that migrating glioma cells overexpress death-associated protein-3, with this overexpression conferring an increased resistance to camptothecin-induced apoptosis; this resistance can be overcome by effective death-associated protein-3 antisense treatment. 24 Because mTOR seems to be involved in Type II autophagic programmed cell death, 7 inactivation of mTOR also can induce autophagy. Indeed, mTOR is regulated by mitochondrial dysfunction and the depletion of adenosine triphosphate levels, which are effects inducible by, for example, modifications to cyclic adenosine monophosphate levels or osmotic stress. As illustrated in Figs. 1 and  2 , mTOR is a downstream effector of the PI3K/Akt signaling pathway, and it is also a central modulator of cell proliferation in malignant gliomas. 36 In fact, rapid tumor proliferation, which can result from low apoptotic levels, may contribute to the clinical radioresistance of GBMs, and the disruption of mTOR signaling by rapamycin returns radioresistant GBM cells to certain levels of radiosensitivity. 8 Takeuchi, et al., 35 showed that rapamycin induced autophagy but not apoptosis in rapamycin-sensitive malignant glioma U87-MG and T98G cells by inhibiting the function of mTOR. In contrast, in rapamycin-resistant U373-MG cells, the inhibitory effect of rapamycin was minor. 35 A PI3K inhibitor (LY294002) and an Akt inhibitor (7-hydroxystaurospaurine) both synergistically sensitized U87-MG and T98G as well as U373-MG cells to rapamycin by stimulating the induction of autophagy. 36 Enforced expression of active Akt in GBM cells suppressed the combined effects of LY294002 or 7-hydroxystaurospaurine, whereas dominant-negative Akt expression was sufficient to increase the sensitivity of GBM cells to rapamycin. 36 Based on these data, Takeuchi and colleagues 35 concluded that rapamycin exerts its antitumor effect on GBM cells by inducing autophagy, and they suggest that in GBM cells a disruption of the PI3K/Akt signaling pathway could greatly enhance the effectiveness of mTOR inhibitors, as has already been demonstrated for proapoptotic drugs. 23 Compounds that induce autophagy are also active against multidrug-resistant cells. 10 Autophagy could thus represent a new approach to be investigated in relation to both cell proliferation and mi-
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Autophagy, the Trojan horse to combat glioblastomas 3 gration features in malignant gliomas, and inhibition of mTOR activity therefore represents a possible method to combat apoptotic-resistant migrating glioblastoma cells. Clinical trials with mTOR inhibitors are proceeding on patients with recurrent malignant gliomas. 28 Temozolomide, the proautophagic drug that is associated with the most promising clinical efficacy, is discussed in the following section.
Therapeutic Benefits of Temozolomide
The cytotoxicity of temozolomide is thought to be mainly due to the formation of O 6 -methylguanine in DNA, which mispairs with thymine during the next cycle of DNA replication. 17 Glioma cells thus respond to temozolomide by undergoing G 2 /M arrest but will ultimately die from autophagy. Researchers at the M. D. Anderson Cancer Center 16, 17, 35 elegantly demonstrated that temozolomide induces autophagic, but not apoptotic, processes in human glioblastoma cells. Knowing that O 6 -MGMT is a DNA repair enzyme that limits the efficacy of temozolomide in glioblastoma cells, Kanzawa, et al., 16 first showed that O 6 -benzylguanine, an MGMT inhibitor, can render previously resistant glioblastoma cells sensitive to temozolomide. These authors observed that the mechanism of cell demise following treatment with O 6 -benzylguanine and temozolomide seemed to be autophagy and not apoptosis. Kanzawa, et al., 17 then showed that at a clinically achievable dose (100 M), temozolomide induced autophagy, but not apoptosis, in malignant glioma cells. After the treatment with temozolomide, microtubule-associated protein light-chain 3, a mammalian homolog of Apg8p/ aut7p, which is essential for amino acid starvation-induced autophagy in yeast, was recruited on autophagosome membranes. When autophagy was prevented at an early stage by 3-methyladenine, a PI3K kinase inhibitor ( Figs. 1 and 2) , not only the characteristic pattern of lightchain 3 localization, but also the antitumor effect of temozolomide was suppressed.
Temozolomide is less toxic to the hematopoietic progenitor cells than conventional chemotherapeutic agents because it does not result in chemical cross-linking of the DNA strands, whereas other alkylating agents do crosslink the DNA. 17 Thus, Stupp, et al., 34 sought to determine whether standard treatment can be extended by adding temozolomide to radiotherapy, both concomitantly and as an adjuvant treatment, without deleterious impact on quality of life for patients. A total of 573 patients from 85 centers who had newly diagnosed, histologically confirmed glioblastoma were randomly assigned to receive radiotherapy alone or radiotherapy plus temozolomide. The treatment options were as follows: 1) radiotherapy alone, consisting of focal irradiation in daily fractions of 2 Gy given 5 days per week F. Lefranc and R. Kiss In the presence of growth factors, growth factor receptor signaling activates Class I PI3K, which activates the downstream targets Akt and mTOR, resulting in inhibition of autophagy. Rapamycin, an inhibitor of mTOR, induces autophagy. The PTEN gene mutation promotes Akt activation. Ras has a dual effect on autophagy; when it activates Class I PI3K, autophagy is inhibited, but when it activates the Raf/mitogen-activated protein kinase/extracellular signal-regulated kinase cascade, autophagy is stimulated. A complex of Class III PI3K and beclin1 (a tumor suppressor gene) is required for a proximal step in autophagy. Autophagy is also induced by the cell death-associated protein kinase (DAPK) and the death-associated related protein kinase 1 (DRP1). Class III PI3K has been shown to be required for both autophagic vesicle formation and vesicular transport to the lysosome. LC3 = microtubule-associated protein light-chain 3.
for 6 weeks, to a total of 60 Gy; or 2) radiotherapy plus continuous daily temozolomide, with radiotherapy consisting of 75 mg/m 2 body surface area per day, 7 days per week from the first to the last day of radiotherapy, followed by six cycles of adjuvant temozolomide at a dose of 150 to 200 mg/ m 2 for 5 days during each 28-day cycle. The clinical data obtained by Stupp and colleagues 34 showed a 26% survival rate at 2 years in those patients treated with the new combined therapy, compared with only 10% in those receiving radiotherapy alone. A companion laboratory study led by Hegi, et al., 11 offers the promise of even greater impact in the future for the combined modality treatment proposed by Stupp and colleagues. 34 Indeed, the data obtained by Hegi and colleagues 11 showed that patients who had glioblastoma that contained a methylated O 6 -MGMT promoter benefited from temozolomide, whereas those who did not showed less benefit.
Conclusions
Glioblastomas are associated with dismal prognoses because they diffusely infiltrate the brain parenchyma, therefore rendering total resection of all tumor cells impossible. In addition, migrating glioblastoma cells, which can escape the most sophisticated surgical approaches, are resistant to apoptosis and thus to radiotherapy and most of the chemotherapeutic agents that are associated with proapoptotic effects, including procarbazine, vincristine, lomustine, and carmustine. Autophagy is another type of cell death against which glioblastoma cells are less resistant. Temozolomide, a proautophagic cytotoxic drug, contributes actual therapeutic benefits in patients with glioblastoma who already can benefit from surgery and radiotherapy. The therapeutic benefits of temozolomide can be reinforced by mTOR inhibitors, whose therapeutic benefits can in turn be reinforced by PI3K and Akt inhibitors. Such PI3K and Akt inhibitors are also able to restore a certain level of sensitivity in migrating apoptosis-resistant glioblastoma cells. Thus, novel successes in the fight against glioblastoma could be achieved by combining mTOR, PI3K, and Akt inhibitors with temozolomide as adjuvant chemotherapies, in which EGFR and platelet-derived growth factor receptor inhibitors are also hopeful agents to combat the proliferation processes of glioblastoma cells.
